Abstract: Cement factories are amongst the most energy consuming industries in the world. In view of the fact that almost a half input of energy is lost in clinker product, makes the waste heat recovery (WHR) system more interesting. In this paper, a new three-source multi generation flash WHR cycle is presented. Ammonia-water absorber chiller part of the cycle generates cooling load from turbine exhaust fluid and the residual heat is utilised in a heating system. Exergoeconomic analysis is also done to determinate cost rate of the power. To determine the optimal state of the system, the common evolutionary-based method, genetic algorithm, have been employed with aim of multi objective optimisation. Eventually, the results of a case study shows 6.45 MW power, 2.91 MW cooling and 2.88 MW heating are generated. Take one point of optimum Pareto front for instance, it has 55.6% energy and 73.9% exergy efficiencies.
Introduction
Increasing global demand of energy and finite typical energy sources have been noticed in recent years. Industrial sector energy consumption varies from 30% to 70% of the total energy used in the world (Madlool et al., 2011) . As an example, the oil, iron and steel, plastic and cement industries are found to have the highest share in destruction of quality of total input energy to the industrial sector. There is an evidence that about 50% of the exergy is being lost even though a big amount of waste heat is being recovered. One of the most energy intensive industries is cement manufacturing approximately about 35% of the production cost (Sanaei et al., 2012; Koroneos et al., 2005) .
The most important reasons are working in more than 1600°C temperature and existence of a solid unit in which 5% of the total global industrial energy is used by this sector (Ahamed et al., 2012) . Moreover, cement industry is one of the major industrial emission of greenhouse gases and specially CO 2 with approximately 1 tonne for each tone Portland cement production from the calcination of limestone and from the combustion of fuels (Karellas et al., 2013) .
Although a lot of studies have been done to optimise manufacturing cement process, a considerable amount of heat loss due to not using the available energy in the waste gases, hot flue gases and cooler stack and also kiln shell still occurs (Wang et al., 2009) .
Total worldwide cement consumption currently reaches more than 3900 Mt and consumes energy varies from 3 GJ/tonne to 5 GJ/tonne; consequently paying attention to waste heat recovery (WHR) is crucial among researchers. Although WHR system is a proven technology and can reduce the operating costs of cement factories about 10-15%, until now WHR uptake has been limited except in China with more than 739 WHR units International Finance Corporation (IFC), 2014) .
In the literature on WHR cycle, the relative importance of energy and exergy efficiency has been subject to considerable discussion. A few specific studies in cement industry show that power can be produced by using a steam cycle, an organic rankine cycle (ORC), the Kalina process or other novel cycles published in literature and reached to high theory efficiency (Mirolli, 2007; Kiani et al., 2008; Jing and Zheng, 2014; Kim et al., 2013) . This concept has been challenged by Wang et al. compared four main WHR cycles in cement industry and suggested Kalina cycle with 43% and single flash cycle with 42.1% exergy efficiency (Wang et al., 2009) , While some research has been carried out on Kalina cycle advantages, there have been few empirical unit by that high initial and operating cost. Consequently the cement factories are forced to make another decision. There is a rest literature in ORC with different organic fluids (Mirolli, 2007; Karellas et al., 2013) . Recently, Fergani et al. (2016) investigated ORC cycle on just outlet pre-heater unit of cement factory and found that cyclohexane is the best working fluid from the viewpoints of thermodynamic and exergoeconomic, while benzene is merely the best from exergoenvironmental point of view. Such expositions are unsatisfactory for all heat loss sources, because Karellas et al. proved that if the exhaust gas temperature is lower than 310°C, ORC systems are more efficient solutions. The conclusion can be drawn is that the ORC cycles are not the best choice individually for WHR in cement factories, and hence the other novel and compound systems must be investigated.
The major heat loss is occurred in clinker production part of a cement factory. Raw materials are preheated by hot flue gases and a part of the air cooler which is afterward vented to atmosphere. Heat recovery from clinker grate cooler and pre-heater flue gas are used in several factories, but approximately 10-15% of the energy is consumed in production of the cement clinker and 58% of all energy loss is directly dissipated into the atmosphere the dominate mechanisms of heat transfer are convection and radiation through the external surface of the rotary kiln (Luo et al., 2014; Atmaca and Yumrutaş, 2014a) . The conclusive result is that the main irreversibility source in the cement industry is the rotary kiln and calciner process (Renó et al., 2013; Atmaca and Yumrutaş, 2014b) . The probable cause for this undesirable phenomenon is that the kiln is surrounded with a secondary external shell acting as a heat exchanger (HE) for a transfer fluid. The heat recovery equipment has been configured as an array of pressurised water carrying tubes arranged in a longitudinal pattern on a cylindrical shape surface outer shell which is coaxial with the rotary kiln (Caputo et al., 2011; Wang et al., 2013) . On the basis of the thorough research of authors, even though extensive research has been carried out on typical WHR cycles, authors claim that there is not a paper which simultaneously considers the three main sources of waste heat in conjunction with a couple absorber chiller to single flash steam WHR system for the case of cement factory. The main aim of this paper is to investigate the advantages of this cycle and using combination of quantitative and qualitative approaches in the exergy data analysis.
System description and assumptions
Appling the results of Wang et al. concerning the four investigated cycles, it can be claimed that the single flash cycle maybe regarded as an appropriate one for WHR considering its final cost. Even if the improvement in exergy efficiency reaches 2.6%, it cannot be economically acceptable in developing countries to compare the Kalina cycle with single flash one. As a result, in this analysis the single flash WHR along with the absorption chiller are employed together for combined cooling, heating and power or multi-generation. In this work, for the novel proposed cycle, the mass and energy conservation laws in conjunction with thermodynamic calculations are carried out by a commercial software and results are compared with the Wang et al. cycle (Wang et al., 2009) . As can be subsequently seen, merely less than 1% deviation is observed between the simulation results and the reported data. After the simulation is validated, the WHR cycle is modified with adding the new heat loss source on the basis of Caputo et al. results . With the aim of producing cooling stream, after LP turbine a single effect ammonia-water absorber chiller is taken into account. Furthermore, at the end of the cycle, a heating system is placed that can be utilised in buildings or other new approaches such as hydrogen generation, water sweetening, etc.
As can be seen in the present WHR cycle illustrated in Figure 1 , two streams of superheated vapour from AQC boiler (stream 7) and SP boiler (stream 18) are mixed together and then expended through turbine in order to generate power. Thereafter, the rest of preheated working fluid (stream 14) expands in the flash drum and separates in two streams, saturated vapour and saturated water. To generate power, the saturated vapour is mixed with stream 9 and sent into LP turbine to generate power. For reaching maximum heat recovery, the turbine exhaust is not condensed directly in the condenser. The residual heat (stream 11) is sent to the boiler of generator tower of the absorber chiller. So as to rich ammonia (stream 19), a distillation tower is considered. The top product (i.e., the nearly pure ammonia) is followed by cooling with chilling loop which consists of a throttle valve, an evaporator and an absorber. The outlet fluid from evaporator and lean fluid are mixed together and preheated in solution heat exchanger (SHX) and ultimately recycled to the distillation tower. To complete the cycle, the main working (stream 29) -fluid after heating water HE -passes through condensing pump to be mixed with saturated water from the flash drum. Besides the two usual heat recovery HE for gases, heat recovery around the kiln must be done. For this purpose, Caputo et al. studied a HE with axial tubes and a HE with bent tubes arrangement in two Co-current and counter current styles. They found economic designs for WHR around the rotary kiln used in this paper (Caputo et al., 2011) . Dimensions and conditions of this HE are compared in Table 1 . Surveys such as those conducted by Wang et al. have shown that when temperature of water in the system is low (30°C), the heat transfer can be as much as when the temperature is high (>70°C), heat transfer decreases about one-third without any convective heat transfer (Wang et al., 2013) . Therefore, the cold water stream is preheated in the kiln HE and then separated to corresponding boilers (i.e., SP boiler (suspension preheater) and AQC boiler (air quenching cooler) which sources are in parallel (Figure 1) ).
To simulate the process, the equation of state for pure water as main cycle fluid -and the binary ammonia-water in absorber chiller are, respectively, chosen as NRTL and the Redlich-Kwong equation (SRK). All the assumptions considered in this work, are listed as follow:
• Flue gas and exhaust air cooler are taken as an ideal gas and impurities of air are assumed negligible.
• All parameters are estimated at the average temperatures and pressures.
• System boundary is located outside the condenser and absorber where the outside temperature is the ambient. Hence, the heat transfer occurs at the temperature T o , and thus there is no associated exergy transfer. Accordingly, the exergy loss term vanishes and exergy destruction owing to friction and the irreversibility of heat transfer within the control volume is also considered (Bejan et al., 1996) . Although some complex calculations are needed to determine HRSG systems, but fixed efficiency and simplifying assumptions are taken into account in this paper in order to focus on other concepts.
• There are no pressure losses across the HEs. This assumption is widely used in publications related to thermodynamic analysis of processes because introduction of pressure losses in the HEs increases the complexity of the calculations without significantly affecting the results. Since the analysed WHR plant is a theoretical one, the design of all HEs is assumed according to the recommendations for the primary design of HEs with the following values in Table 2 . Spiliter1 streams 6-13 53%
Spiliter2 streams 14-17 34%
Before proceed to explain the rest of this paper, a brief explanation of most important achievements is brought below:
• Using evolutionary-based multi-objective optimiser, genetic algorithm, for the WHR cycle.
• Including the heat loss around the Kiln, the third main heat source in cement factory that is capable of being recovered.
• Multi-generation by coupling absorber chiller with the modified single flash steam WHR system has first been investigated for cement factory.
• Comparing energy and exergy results which are obtained by EES and ASPEN HYSYS software packages.
• Applying sensitivity analyses of the main design variables -including the major economic parameters of the system.
• Fulfilment of thermoeconomic evaluation analysis so as to find equipment performances.
Principles of energy analysis
Energy balance and conservation law are written for each equipment in the cycle and simultaneously solved to determine unknown mass flows and the temperatures. The principle of mass conservation the first and second laws of thermodynamics are applied to each component of the single-effect absorption chiller whose fluid working is the ammonia-water mixture. In this study, each component is considered as a control volume with inlet and outlet streams, and also the effect of heat and work interactions are taken into account. The governing equation for every equipment is available in the literature (Wu et al., 2014; Ahmadi et al., 2013) .
Heat transfer calculations
To set up the cycle, two heat recovery steam generation HEs and a special jacket for kiln heat recovery are required. Two mechanisms of heat sources (i.e., natural convection and radiation) are considered, therefore Rayleigh and Nusselt numbers are estimated in the normal condition with adaptable correlation in heat transfer references to find mean natural heat transfer coefficient (h m ). Transition in a free convection boundary layer depends on the relative magnitude of the buoyancy and viscous forces in the fluid. It is customary to define its occurrence in term of the Rayleigh number:
where β is thermal expansion coefficient. To determinate Nusselt number, Raithby and Hollands correlation can be used for concentric cylinder, however, due to the fact that Rayleigh number is out of its range and to simplify the calculations, Churchill and Chu correlation is considered (Incropera and De Witt, 1981) :
where Pr is Prandtl number which can be found in references in the various temperatures. Then the mean natural heat transfer coefficient can be formulated as follow:
. .
In addition, heat loss from HE outer surfaces to ambient must be calculated to determine the net power heat transferred to water (Incropera and De Witt, 1981) . Therefore, the heat loss is calculated by the following equations:
The two hot gas heat rates can be obtained by the actual temperature and pressure of the factory to calculate enthalpy of gas streams:
flue-gas hot-gas hot-gas .
Parameters used in equations in conjunction with factory data for the case study are presented in Table 2 . Because of exergy destruction, all heat loss cannot be absorbed by water. Therefore, these unreached heat lead to reduce the efficiencies of each equipment (Incropera and De Witt, 1981; Wang et al., 2013) .
Exergy analysis
Thus far, a number of studies have demonstrated that exergy analysis method is one of the more practical ways to recognise system behaviours. The second advantage of using the multivariate method is that unlike energy, exergy can be destroyed. Hence the ability to work is clearly shown in exergy concept. Exergy analysis which is based on the second law of thermodynamics uses exergy balance as a tool, and can overcome the deficiency of energy analysis. Furthermore, it is capable of evaluating the thermodynamic perfection of energy systems or energy-using equipment and revealing the energy quality disintegration rule during energy transfer and conversion (Dewulf et al., 2008; Sui et al., 2014) . In other words, exergy analysis is absolutely beneficial in identifying the causes, locations and magnitudes of process inefficiencies (Dincer and Cengel, 2001) . For a process occurring in a system, the difference between the total exergy flows into and out of the system, less the exergyaccumulation in the system, is the exergy consumption, expressible as T 0 S gen . It points out that exergy consumption is proportional to entropy creation, and is known as the Gouy-Stodola relation (Dincer and Rosen, 2007) .
To reach a real knowledge about loss and irreversibility of the presented cycle, exergy analysis is done. Because there are not any reaction and negligible level change, only physical and chemical exergy are considered. The total exergy of each stream summarises all types of exergies and are calculated by the following equations:
where PH X and CH X refer to specific exergy of physical and chemical, respectively. Enthalpy and entropy of each streams are determined in actual and dead state conditions. y k is molar fraction of each component of the stream
where Q X refers to exergy of heat stream and T a is thermodynamic average temperature. The first step in this analysis is to calculate exergy of streams by above equations (Tables 3-5) , a control volume around each equipment is considered and exergy balance is written. Table 3 Optimum operating conditions of the WHR cycle from the simulation In defining the exergetic efficiency it is necessary to identify both a product and a fuel for the thermodynamic system analysed. The product represents the desired result produced by the system. Accordingly, the definition of the product must be consistent with the goal of purchasing and using the system. The fuel represents the resources expended to generate the product and is not necessarily restricted to being an actual fuel such as oil or natural gas. Both the product and the fuel are expressed in terms of exergy (Bejan et al., 1996) . The rate of exergy destruction ( ) D X is defined the different between rate of fuel and product exergy and provides thermodynamic measures of the system inefficiencies. To determine the relative exergy destruction, the exergy destruction ratio (y D ) is defined .The exergy destruction rate of the fuel is provided to the overall system, X Fuel , giving the exergy destruction ratio that can be calculated by the following: 
The exergetic efficiency shows the percentage of the fuel exergy provided to a system that is found in the product exergy. Moreover, the difference between the ideal and the actual value of the exergetic efficiency, expressed as a percent, is the percentage of the fuel exergy wasted in this system as exergy destruction and exergy loss. It can also calculate energy and exergy efficiency of the total cycle to investigate the total performance as following: 
Exergoeconomic analysis
Exergoeconomics is the branch of engineering that appropriately combines, at the level of system components, thermodynamic evaluations based on an exergy analysis and economic principles. Exergoeconomic is performed to complete thermodynamic analysis and finding the optimum points, due to contrast between capital or generation cost and exergy consumption. Some suggest that, when exergy costing is not applied, the thermoeconomics is more appropriate as it characterises any combination of economic and thermodynamic analysis generally. To define a cost function that is dependent on the optimisation parameters of interest, the specific component cost is expressed a function of thermodynamic design parameters. For this purpose, cost balance is written for each equipment and average cost per unit of exergy (c) and cost rate (C) of product and feed of that apparatus can be achieved by solving together these equations. All cost balance of equipment and auxiliary equations are presented in Table 6 . The cost balance can be written as following:
where Z i are initial and maintenance cost of each equipment. This parameter is calculated by capital cost of each equipment (Z 0k ), annual working hours (N), capital recovery factor (CRF) and following equations:
(1 ) CRF 8000 h 0.07 10,
where i denotes the interest rate of system and n refers to the total operating period of the unit in years. Capital cost of each equipment are calculated by several cost equations and graphs in references (Tsatsaronis and Pisa, 1994; Bejan et al., 1996) . Then, they are convert to the cost of today by cost indexes. Notice that 10% of capital cost is considered as maintenance of the apparatus. 
HP turbine
Generator
Two important parameters of exergoeconomic evaluation are relative cost difference (r) and exergoeconomic factor (f). Relative cost difference expresses the relative increase in the average cost of the system per exergy unit between fuel and product of the component. Exergoeconomic factor indicates the non-exergy-related costs such as capital investment, operating and maintenance expenses ratio to the exergy destruction and exergy loss. They are calculated as following:
, ,
where C F and C P are cost of fuel and cost of product, respectively. Another details are presented in the literatures (Boyaghchi and Heidarnejad, 2015; Abdalisousan et al., 2015; Ganjehsarabi et al., 2014; Singh and Kaushik, 2014; Ahmadi et al., 2011) .
Multi-objective optimisation
The process of optimising systematically and simultaneously a collection of objective functions is called vector or multi-objective optimisation (MOO). One of the most common approach to MOO is the weighted sum method that all objective functions are combined linearly to form a single function.
( ).
In MOO, there is no single global solution in typical conditions (Marler and Arora, 2004) . A set of Pareto optimal outcomes is often called the Pareto front or Pareto boundary. If all of the weights are positive, the minimum of the summation is Pareto optimal. MOO method based on an evolutionary algorithm (the common one, genetic algorithm (GA)) is applied in this study. In GA terminology operates with a collection of individual or chromosomes called population. Initial population is picked out from a given design space randomly. The objective function ranks the individuals and gives a score based on how well they perform at the presented task. Then, two individuals are selected based on their fitness, higher fitness brings more chance of being selected. After that, selected individuals reproduce to create offspring which are mutated randomly in the next step. This process continues till the desired solution is reached. The process designer can selected one of these points by considered all process limitations (Ahmadi et al., 2013; Boyaghchi and Heidarnejad, 2015; Marler and Arora, 2004) . Two objective functions are exergy efficiency that try to be maximised and cost rate of power product that must be minimised. According to the cycle, the main independent design parameters are selected as following:
High pressure turbine inlet pressure and temperature, steam mass flow rate, high pressure turbine isentropic efficiency and generator inlet temperature. Other parameters are assumed to be dependent variable or they do not have important effects on objective functions.
Case study
A dry typical kiln line cement factory is selected for case study with 4000 tonnes cement in day capacity. To determinate kiln heat loss, the length and diameter of kiln are measured in case study cement factory. The length and diameter are 95 m and 6 m, respectively, and the average surface temperature is estimated 268°C. Other design parameters and information of the case study unit are summarised in Table 2. After calculating the heat duties, simulation of presented cycle is done with the software. Then sensitivity analysis to find the optimum operating condition such as net power, fluid flow, turbine inlet temperature and pressure and turbine efficiency must be determined and after that the exergy analysis to identify the equipment with main exergy destroyed is done. Net power cycle, exergy of each stream and exergy efficiency of each equipment are compared and finally total energy and exergy efficiency are presented. Figure 2 is illustrated the Grassmann diagram that is a graphical representation employed in the energy analysis of processes, where the width of the bands is associated to the exergy rate or exergy flow rate of a given energy conversion process. In this diagram, exergy loss before HRSGs are considered that they are ignored in exergy efficiency calculations. Other parameters and assumptions are prepared in Tables 1 and 2 . 
Sensitivity analysis results
The first set of analyses examined the impact of changing the main WHR cycle fluid flow in Figure 3 is illustrated. As mass flow increases, the turbine inlet temperature decrease in conjunction with exergy and energy efficiencies are improved. Therefore to avoid increasing turbine temperature and reach acceptable turbine inlet pressure, 8.4 kg/s is assigned for mass flow operating condition.
Figures 4 and 5 show the results obtained from the preliminary analysis of turbine inlet conditions. Thus it is obvious that if this WHR is set up on a bigger cement line, it can produce more steam and perform better. Actually, this extension can make an unexpected increase in operating cost. What is interesting in this data is that increasing in exergy efficiency is sharper than energy one in reducing the temperature. More heat duty on boiler of the absorber tower in generator results in more ammonia purification and cooling fluid. The theme identified in these responses is that in generator, the pressure is relatively fixed, but temperature increasing in boiler can be occurred. As can well be seen in Figure 6 , exergy efficiency is not sensitive to the generator temperature, yet improvement of the cooling is occurred. Another important parameter that is considered in sensitive analysis is cost rate of the generation power. Although rising the main mass flow improves the efficiencies but it is also increases product cost. To design an economic performance, as it is illustrated in Figures 8 and 9 , efficient turbine and low main mass flow can force the cycle to approach to optimal conditions. Optimum stream conditions, works and heat duties of the equipment are reported in Tables 3 and 7 . As can be seen from the tables, several sensitivity analyses of variable parameters are done to reach the optimum condition. Exergy and energy efficiency along with generation electricity cost are combined together in order to define the objective functions. Design parameters affect the sensitivity analyses are cycle performance, power generation, pressure and temperature of inlet turbine, flash drum vapour fraction and turbine exhaust quality. 
Exergy analysis results
The mass flow, pressure and temperature are used to find enthalpy and entropy of all streams. Calculations are prepared by Aspen hysys software (Hysys) and compared with ees software (Solver) for pure water, pure ammonia and binary operating fluids (Table 4) . From the data in Table 4 , it is apparent that similarities for pure water can be seen but there are some differences in binary and two phase streams results. Different equation of states and data references of the software can cause these differences. On the basis of the comparison between HYSYS and EES results with experimental data which are available in literature, shows that ASPEN HYSYS results has the sufficient accuracy and can be base of further calculations. Exergy analysis report (Table 5) shows that maximum exergy in main cycle refers to stream 8 with 8.21 MW that goes to turbine. In additions, stream 1 exiting from condenser is the minimum one. Exergies of fuel, product and destruction of each equipment are obtained in Table 8 . Selecting feed or product streams refer to apparatus purposes. In Table 9 , exergy efficiencies, exergy destruction percent and exergy destruction ratios are reported. Exergy destruction ratio is the percent of feed exergy that is destructed. Results show that LP and HP turbines, SP boiler, Kiln HE, generator and AQC boiler have the most exergy destruction, respectively, and the main exergy loss goes to the condenser and the absorber that waste all fuel exergy. The evaporator, generator, heater and SHX are the worst equipment, because of their special conditions, so they need to be redesigned in a better way. Energy and exergy efficiency of pumps and turbine are nearly the same.
Thermo-economic evaluation
Exergoeconomic equations of the cycle equipment and Auxiliary equations, F and P rules in Table 6 , are applied and solved together to achieve useful data. Exergoeconomic results of the cycle streams such as the average cost per unit of exergy and cost rate of each material and thermal streams are presented in Table 10 . As can be seen from the table, streams include ammonia and also stream 8 have the highest cost rate. The cost of fuel, cost of product and cost of exergy destruction are calculated to determinate relative cost differences and exergoeconomic factors. A comparison of the results shows relative cost difference of heater, evaporator and generator are the highest because of their useful products. The flash drum, LP turbine and SHX also have sufficient performance in financial aspects. What is interesting in this data is that the exergoeconomic factor of valves 1 and 2, pump 2, absorber and SHX are the lowest equipment because of high exergy destructions or low initial cost. In more expensive equipment such as the boilers and the turbines, exergy destructions can also be effective in the exergoeconomic factors. Cost rate of exergy destruction that is selected as destruction cost index, calculations by multiply exergy destruction to fuel cost of the equipment. Another important part of the cost analysis is initial equipment price and operating and maintenance cost, thus Z parameter is considered as capital cost index. Finally the Z + C D term is present for each equipment (Tables 11 and 12 ). Taken together, these results suggest that Z + C D terms can consider cost of exergy destruction and the initial cost jointly to determinate overall performance of the streams. It clearly shows that the absorber, the evaporator, the condenser and valve 1 are the most costly equipment. Interestingly, the generator and the turbines have high operating cost rate after previous parts.
Multi-objective optimisation results
Basic parameters of the optimisation and the decision variable constraints are listed in Table 13 . Design parameters are chosen from the sensitive analysis and operating difficulties dictate their constraints. Every term in objective function are equally weighed. In Figure 10 , the fitness value of U (equation (23)) is presented. It is clearly shows that the best and mean of the society are converged and approaches to a constant number in around 200 generations of the population. This result is checked several times to sure that all individuals of population are at the global minimum conditions. Note that in MOO and the Pareto plot solution, each point can be the optimised point. Therefore, selection of the optimum solution is dependent on the preferences of the process designer and the decision maker. By considering operating conditions, investments and payback, the grid electricity and the fuel prices and factory conditions, the optimum point can vary among decision makers. In Figure 11 , the WHR exergy efficiency is observed to change from available condition, 73.5% to about 75%, and the cost rate of power increases approximately 0.12 US$/s or 432 US$/h. There is a trade-off between power cost rate and exergy efficiency that engineering sense and experiences have to be used to make the best decision. These results therefore need to be interpreted with carefulness. Notice the total operating period, financial and operating conditions, the decision makers should set the best point of the Pareto front diagram. It is observed that as the exergy efficiency is increased, the cost rate is sharply soared. To sum up, point P in this figure can be suggested that has reasonable cost and exergy efficiency. 
Population size 30
Crossover fraction 0.8
Generation 200
Function tolerance 1e-6
Figure 11
Pareto front plot from MOO in 200 generations and available optimum points
Conclusions
In this study, multi-generation and recovering heat loss of grade cooler, pre-heated flue gas and the kiln of the case study cement factory by the modified WHR system is proposed. The novelty of this system is the multi-generation complex cycle and adding a new heat sources of the cycle for cement factory. There are several studies in two main vent gases, but radiation and convection heat of transfers around clinker kiln are disregarded. The practical method of heat recovery from the kiln has been used, in which that offers the performance modelling of radiant heat recovery exchangers for rotary kilns. By the aforementioned methodology, the cycle has been simulated at steady-state condition in order to reach better heat recovery steam generators. This modified single flash WHR cycle is well-validated by the same cycle which has been studied in literature.
To increase the energy and exergy efficiencies, an absorber chiller is added in which the outlet fluid has still enough ability to heat buildings. The crucial variable parameters in the system have been specified, therefore the sensitivity analyses can achieve the allowable operating condition changes and optimum conditions for each stream and equipment. Main independent variables in this cycle are fluid flow, turbine isometric efficiency and turbine inlet temperature and pressure. The types, dimensions and structures of each element are assumed to be fixed. Although the cycle performance rises by decreasing mass flow, operational temperatures are also increased. Thus, the amount of 8.4 kg/s is set for the pump flow to achieve optimum condition.
Energy analysis is unable to predict real performance of the WHR system. Therefore irreversibility and loss of the system are considered in exergy analysis term. For this purpose, the optimum operating condition of each stream is used and their physical and chemical exergies are calculated. Amounts of feed and product for each equipment are also found by determining their goals, and therefore exergy destruction and loss of the equipment are calculated. Exergy efficiencies, exergy destruction ratios of the cycle equipment and exergy destruction percentage of each are determined. The exergy destruction ratios of AQC boiler, LP and HP turbine, generator and SP boiler are the most destructive tools. In overall view, turbines and HRSGs destruct inlet exergy more than others. It is clear that high operational temperatures cause these bad efficiencies and the best solution is that the system would better be isolated. Furthermore, turbine like other thermodynamic cycles is one of the top exergy destruction tools.
Overall energy and exergy efficiency of the cycle have been calculated to indicate its performance. Improving conditions and using the main sources, make this cycle to reach 73.9% exergy efficiency in optimum condition that is acceptable in comparison to the single flash one.
The aim of using MOO by genetic algorithm is to find optimum points of exergy efficiency with the corresponding generation power rate cost. The generation power price is calculated 0.87 US$/kWh or 0.77 US$/s that is still expensive relatively, however, it can be acceptable by changing in energy carrier price and government decisions.
In the economic viewpoint, thermo-economic analysis shows that the absorber, condenser and throttling valve are the worst equipment with the most Z + C D term. The evaporator, generator, SHX and HP turbine are in the next stage. This investigation is also demonstrated that the heater, evaporator and generator are the most sensitive equipment by increase in the average cost per exergy unit between fuel and product.
As other researchers have noticed, the reason why the exergy efficiency is higher than system efficiency is the way that the system efficiency has been determined in these systems. If the control volume is changed, the overall input and output energies of the systems have to vary in order to differ the exergy and energy efficiencies. 
